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Atoms of a thin Al film deposited on a silicon wafer can be
recoil implanted into the substrate through-direct knock-on
bombardment by high energy incoming ions. This method of
introducing dopant atoms into a semiconductor through collision
process is superior to the conventional direct implantation in
many ways. First of all, the peak concentration for the recoiled
atoms are located at the silicon surface it has a shallow
dopant distribution it can be non-toxic if handling with inert
gas ions for momentum transfer and many other advantages as will
be discussed in this thesis. It could be useful as a novel means
of forming shallow junctions. In this thesis, experimental
results on the electrical measurements of Al/Si contacts formed
by Al recoil implantation using Ar+, As+, P+, BF2+ and B+ as
primary ion will be discussed.
Although a large amount of Al atoms will be recoiled into
the crystal lattice of Si and recrystallization occurs between
500 to 550°C for all the implanted samples, presence of Al is not
obvious after alloying at low temperature. Activation of Al
starts at 600°C. In addition to our interest in the doping
effects of the recoiled Al atoms, contribution from primary
dopant ions is found to be very significant. An intended Al/n-Si
Schottky diode can either be modified to become a pn junction
diode if implanted with high doses of B+ or BF2+ or to become an
2ohmic contact if implanted with As+ or P+ when the dosages
were higher than 5E14' cm-2. The transistion from Schottky
barriers to pn junctions or ohmic contacts is demonstrated.
Annealing temperature is another crucial factor controlling
which dopant will be predominately activated. Careful selection
of the annealing temperature is recommended in activating the Al
atoms. Good pn junction have been formed after 800°C annealing
for a sample implanted with 1E15 cm -2 As+ while npn structure can
be produced if the same sample is annealed at 700° C.
Note: Notation E stands for exponential of base 10 throughout
this thesis.
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Ion implantation has become an almost indispensable process
in IC (integrated circuits) fabrication. In fact, ion implant-
ation is not just an alternative means of furnace diffusion for
doping semiconductors as it was firstly developed. Implantation
technology has been applied to various areas such as modification
of materials and material properties [1.1-1.3], formation of
buried insulators such as silicon oxide or nitride [1.4,1.5],
formation of suicide by ion mixing [1.6,1.7], enhancement of
f i lm adhes ion[ 1.8,1.9], improvement of corrosion resistance of
metal [1.10,1.11] and many others. Demands in the field of
materials science, physics and electronics once again push this
technology a big leap forward.
Recoil implantation, like ion mixing, is caused by
collisions of incoming high energy primary ions with the atoms of
a film on top of a semiconductor. These atoms in the surface film
are recoiled' and set into motion. If the energy received is
high enough, they may travel into the underlying substrate.
During the last few years, the investigation of recoil
implantation has arosed great interest. A large number of papers
have been published [1.12-1.18]. Unlike conventional
implantation, the impurity profile for the recoiled atoms follow
an expontenially decreasing function [1.17,1.19] with the highest
concentration at the semiconductor surface. Very shallow junction
Df the order of a few hundred angstroms can be formed by such
3recoils. Moreover, one incoming primary ion can cause more than
one recoiled atoms to go into the substrate. A commonly used term
is 'recoil efficiency' which is defined as the number of recoiled
atoms which penetrate into the underlying substrate per incoming
ion. The recoil efficiency for many combinations of film
materials and the beam ions are greater than unity under optimum
condition. That is the projected range of incoming ions in the
surface film material equal to the thickness of that surface film
[1.19-1.21]. As an example, the recoil efficiency for implanting
krypton into antimony on silicon is equal to S. Theoretical
prediction of the recoil efficiency using antimony implanting
into antimony on silicon will be as high as 11 [1.21]. Thus, for
high dose implantation,,, the need for high beam current implanters
can be released.
There is no restriction on the choice of primary ions
although the recoil efficiency for heavier ion is higher. Non-
toxic inert gas ions are used usually. These gases are easy to
ionize compared to elements such as Al, Sb and Bi in the case of
conventional implant. In addition, since the substrate is covered
by a surface film, contamination from the environment can be
minimized.
However, the majority of the research work up to the present
moment are based on the analysis of the resultant impurites
profiles. Very few reports are on the work of device parameters
and performance evaluation. In fact, those device characteristic
4studies are still in a preliminary stage [1.22,1.23]. Therefore,
there is a vacancy of knowledge on the applicability of this
technique on device fabrication.
On the contrary, most people put their efforts in
theoretical and simulation work. Theoretical background work for
recoil implant has been well developed. A number of Monte Carlo
type computer simulations based on binary collision approximation
such as EVOLVE [1.24-1.26], TRIDYN [1.27], MARLOWE [1.28], TCIS
[ 1.29] ,and RECUL [1.151 have been developed to study the
transport properties of implanted ions and the knockon target
atoms in collision cascades. Another approach using Boltzmann
transport equation [1.19,1.30] has also been proposed for
calculation of impurity profiles inside the substrate material.
For example, with the use of Boltzmann transport equation, the
primary ion and recoil range distributions, energy deposition
profiles and even sputtering effect during implant can be
accurately calculated [1.31].
Al metallization has widely been using for contacts and
interconnections in both bipolar and metal-oxide-semiconductor
integrated circuits. For many years, the problem of Al spiking
and Al-Si interdiffusion has consistently been a great problem of
forming a reliable Al-Si contact [1.32-1.37]. Deposition of
diffusion barrier metal or even multi-layer barrier metal seems
to be the solution [1.38-1.40]. However, these techniques will
invariably cause the device fabrication process to be more
5complicated and more chances for device failure. Implantation
directly through Al has recently been reported to be successful
in preventing Al spiking and enhance uniform Si dissolution
[1.41]. Since Al itself is a p-type dopant for Si, implantation
through Al thin layer is in effect a recoil implantation doping
process.
There are very few reports on the Al-Si recoil implantation
study. Those that the author can find up to the present are
listed in the reference [1.15,1.17,1.18]. It is therefore the
purpose of this research to evaluate, in a preliminary stage,,' the
final effect of the Al recoils on the electrical properties of
Al-Si contacts. Five different kinds of ions including Ar+, B+,
BF2+, As+ and P+ are chosen as the primary ions for the recoil
implantation. Among these ions, Ar+ is electrically neutral. B+
and BF2+ act as p-type dopant. As+ and P are n-type dopant. From
the results, it is found that the electrical properties of a
simple Al on n-type Si contact can be effectively modified to
behave as a pn junction if the contact is implanted by a p-type
ion or' becomes an ohmic contact if it is implanted by an n-type
ion. Significant electrical activation of Al requires an
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72.1 GENERAL CONSIDERATIONS
The most convenient and effective way for the study of the
electrical properties of a metal-semiconductor contact is to
evaluate the performance of a Schottky diode fabricated under
selected conditions. In practice, I-V and C-V characteristics are
usually measured. Among the different analysis one can make, our
emphasis will be on the following properties:
1. Sheet resistance measurements----- for a rough idea of the
effects due to recoil implantation
2. I-V measurements- measure the performance of simple diode
including barrier height, ideality factor and reverse
saturation current
3. C-V measurements----- measure the possible variation in C-V
to compare with the results from I-V measurements
4. I-V at different operation temperature----- measure the
variation,of the reverse leakage current under different
operation temperature and possibly to calculate from an
Arrhenius plot the energy barrier height Bn for a
diode
5. Contact resistance----- for evaluation of ohmic or nearly
ohmic samples
6. Conductivity profile----- a cross-sectional view of
electrical conductivity along the depth from the original
surface, possible change in boundaries and junction depth.
In addition to parameters for implantation such as ion
8species, implant energy, implant angle and sample temperature'
during implantation, conditions of the sample being implanted
such as surface dopant-film thickness and orientation of
substrate wafer are essential in controlling the resultant dopant
profile. Although there is no restriction on the choice of ion
species of the primary beam, inert gas ions such as Ar+, Kr+, and
Xe+ are usually selected [2.1-2.3].
N-type phosphorus doped silicon wafers with (100)
orientation were used. Implantations were done with the sample
kept at room temperature and titled at about 70 counting from the
surface normal to the path of incident ion beam. Ar+ ,BF2+, B+1
As+ and P+ were selected for our study. Among these ions Ar+ is
neutral and inert BF2+ and B+ are p-type dopant ions while BF2+
has a larger atomic mass and smaller ARp As+ and P+ are n-type
dopant ions with As+ heavier then P
Acceleration energies for each kind of ions were adjusted
such that the concentration peak (or the projected range) was
located at the metal-semiconductor interface. It is known that
the impurity profile will not be symmetrical on both sides of the
interface since the structure of Al and Si are different from
each other. The projected range was calculated assuming the whole
sample to be a single wafer of Al. With this energy setting, the
recoil yield would be optimized [2.1].
Alumium was used as the surface metal because it is very
populor in IC fabrication [2.4]. If the performance of a device
9can be optimized after metallization, it may be meaningful in
certain applications.
In depth detailed study of impurity profiles by SIMS
(secondary ion mass spectroscopy) or other means, surface
structural changes and possible interface atomic redistribution
which are not easy to make in Hong Kong, are being carried out
with the co-operation of the Chinese Academy of Science,.
Institute of Semiconductors. Results of analysis will be reported
as further investigations and are not included in this thesis.
2.2 Sample preparation for sheet resistance measurements
Doping effect of recoil implantation with different spieces
of primary ions and dosages on substrate wafers were studied by
standard four point probe sheet resistance measurements.
Isochronal annealing at different temperature ranging from 400
to 8000C were made to see the effect of annealing and electrical
activation of impurities. Processing steps of sample preparation
were as follows:
1. Waf er-
N-type 10-20 ohm cm phosphorus doped (100) 3 inches Si
wafers supplied by Wacker Chemitronic
2. Initial cleaning
i) M ethana 1
boiled for 5 minutes
D. I. water rinse
ii) NH4OH: H2O2: H2O in volumn 5:1:1
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boiled at 900C for 5 minutes
D. I. water rinse
(iii) HC1: H20 2: H 20 in volumn 5:1:1
boiled at 90°C for 5 minutes
D. I. water rinse
( iv) 10:1 HF dip for 20 seconds
D. I. water rinse
( v) blow dry with N2
3. Al deposition
(i) 10:1 HF dip for 20 seconds immediately before Al
deposition
D. I. water rinse and brow dry
( ii Deposition of about 1% Si doped Al was done with
an electron beam evaporator.
Wafers were under room temperature
deposition pressure= 3x10-6 torr
deposition rate= 40 R/sec controlled by a
crystal thickness monitor
(iii) Al film thickness within 850150 R
Monitored by four point probe through a
calibration chart
The chart was based on relationship between sheet resistance of
the same type of Al film and measurement result of mechanical
surface profiler Alpha Step 100 and Alpha Step 200 (accuracy
+50R) from Tencor Instruments.
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4. Ion implantation
( i) Wafers were marked on the back.
( ii) Primary ion species: Ar+, As+, P+, BF2+ and B+
5 wafers were used for a single spieces of ion
with dosage ranging from 1012 to 1016 cm -2 in one
order increment. One dosage for each wafer.
25 wafers were needed totally.
(iii) For optimal recoil yield, the projected range was







( iv) Dose rate was set as low as uniformity was
guaranteed (minimum implant time 13 sec) and in
any case not higher than 250 pA to avoid wafer
heating up during implantation.
5. Wafer cleaving
To minimize effect due to variations of resistivity from
one wafer to another in annealing temperature analysis,
each wafer was cleaved into several square pieces (not
less than 8) with each side measuring 13.5± 0.5 mm. Each




( i) Surface Al was etched away at constant
temperature of 40± 1°C by a chemical called
Al-etch II supplied by KTI from Union Carbide.
The chemical composition was:
phosphoric acid( H3P04) 73.80%
nitric acid( HNO3) 8.83%
acetic acid (CH 3000H) 6.60%
and some unknown surfactant
other impurities kept in ppm level
( ii) Rinse in D. I. water
(iii) Blow dry with N2
7. Annealing
The cleaved pieces were separated into six groups. Each
group contained a whole set of samples implanted with
each ion species with all the selected dosage for that
ion. Annealing was done under specified temperature for
20 minutes in conventional diffusion furnace with excess
N2 purging. The annealing temperature for each group was
assigned as:








8. Sheet resistance measurements
2.3 Fabrication of diodes for I-V and C-V measurements
Simple diodes by patterning aluminum dots of 2 mm diameter
on top of silicon wafer and ohmic backside contact were
fabricated as following:
1. Wafer
N-type 10-20 ohm cm phosphorus doped (100) 2 inches
wafers supplied by Wacker Chemitronic.
2. Initial cleaning
Same as for sheet resistance samples
3. Backside N+ doping for ohmic contact
( i) Initial oxidation 1100°C
time: dry 02+ wet 02+ dry 02 =10+150+10 min.
slow boat in and out
final oxide thickness 8000± 500.
( ii) Backside oxide etch
(a) spin on negative photo resist on front surface
(b) hard bake 150°C for 20 min.
(c) emerge in buffered oxide etch
NH4F(40% solution) :HF= 6:1 for about-8 min
(d) photo-resist strip in hot H2SO4+ H2O2
(e) D. I. water rinse and N2 blow dry
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(iii) N+ predeposition
(a) predeposition in 1050°C
time: N2 purge+ doping+ N2 purge= 5+12+5 min
doping: POC13 carried by N2
(b) phosphorsilicate glass etch
10:1 HF dip 20-30 sec.
(c) D. I. water rinse and N2 brow dry
iv) N+ drive in
(a) drive in and oxidation at 1150°C
time: N2 purge}-dry O2-wet O2-Dry 02=5+5+25+5 min.
(b) all oxide etch time= 10 min.
buffered oxide etch NH4F(40% solution): HF= 6:1
(c) D. I. water rinse and N2 blow dry
4. Al deposition
E-beam evaporation of Al on the front surface.
Procedures were the same as for sheet resistance samples.
5- Wafer cleaving
To ensure diodes fabricated have similar background
substrate properties, each wafer was cleaved into 16
pieces. Each piece was large enough to. put five to six
2 mm diameter dots with each dot-spacing not less than
3.5 mm measuring between centers. One wafer was
implanted. with only one spieces of ion and a whole range
of dosage on the cleaved pieces.
6. Ion implantation
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( i) Energy setting for the primary ions were the same






(ii) Each ion spieces was implanted using dosage
ranging from 1011 to 1016 cm -2 in half an order
increment. At least one or more spare pieces that
were not implanted were taken as reference.
(iii) As mentioned previously that each setting was
implanted on each one of the fragments cleaved
from the same wafer, excluding the un-implanted
reference piece. One whole piece of wafer was
used for a single species of ion only. Five whole
pieces of wafers were used in total.
7. Al patterning
2 mm diameter dots were patterned on the wafer using
positive photo-resist
(i) coating of positive resist by a spinner
( ii) pre-bake at 800C for 5 min.
(iii) develop and spin dry
( iv) hard bake at 100°C for 5min.
( v) Al etch using the same conditions as for sheet
16
resistance samples
( vi) D. I. water rinse and then blow dry with N2
8. Shallow Si etch
To minimize surface leakage path, a short time (about 10
sec.) Si etch was made by dipping the samples into a
mixture of 0.5% concentrated HF in 99.5% HNO3.About 400-
500 .i of Si would be etched away.
Photo-resist was stripped away by acetone and then
rinsed in methanal.
D. I. water rinse and N2 blow dry.
9. Backside Al deposition
Pure Al was evaporated onto the backside of all samples
to form ohmic contacts.
deposition pressure= 3x10-6 torr
substrate at room temperature
Al film thickness no less than 5000 R monitored by a
crystal thickness monitor
10. Before alloy measurements
I-V measurements for diodes before alloying
11. Alloying
It was the only heat treatment after ion implantation.
Alloying was done at 450°C in N2 ambient for 20 min.
12. After alloy measurements
I-V and C-V measurements for diodes after alloying
I-V measurements at different operation temperature
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2.4 Electrical measurements
2.4.1 Sheet resistance measurements
Sheet resistance was measured by four point probe. The
position for the four probes had to be fixed due the fact that
the size of the samples were small. Correction factor was needed
also.
The correction factor was found by using a new 3 inches
wafer. Having measured the average sheet resistance value at many
points, it was cleaved into several square pieces of the same
size as the samples (13.5± 0.5 mm). An average value of
correction factor was deduced from the sheet resistance
measurement results on these fragments with the four probes
positioned as for measurments on the implanted samples.
The current had to be set low to avoid carrier injection
effects [2.5,, 2.6] and sample heating. In practice, it was set to
about 40 pA. Careful setting of the probes with low pressure had
to be kept for all measurements in this part to minimize probe
penetration into silicon layer. Measurements were done in the
dark to avoid photo-generated voltage and excess carriers,
especially for those that incorporated with more than one type of
impurities and pn junctions formed. Ambient temperature was kept
constant also.
2.4.2 I-V measurements
A home-made power supply specially designed for diode I-V
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measurements was used. The voltage output was adjustable from -2
to 2 volts continously while the current through the diode was
converted to voltage output suitable for use with an X-Y plotter.
Current and voltage of the diode under test were monitored by
precision ammeter and voltmeter respectively. All measurements
were made in dark and graphs recorded by an X-Y plotter.
I-V characteristics of all samples were measured in as-made,
post alloying and also at different operation temperature. It
was a special feature for this experiment that the Al layer was
not removed after recoil implantation process and was used in the
following steps as the final contact metal. The only heat
treatment for all diodes was the '450°C alloying process in N2
ambient. Series resistance of the diodes was measured from a
reference piece as cleaved from the same slice of wafer as those
with diodes for testing by two methods. Firstly, the series
resistance, Rseries due to the bulk and backside contact was
estimated from the known conductivity of the wafer and the
relation as given by Shepela [2.71.
( 2.1)
where B is a correction factor given by:
( 2.2)
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where 9----- resistivity of substrate wafer
d----- diameter of diode
R 0----- resistance of backside ohmic contact
t----- substrate wafer thickness
Secondly, since the un-implanted reference was known to be a
Schottky diode,the relation between I-V would follow as
where all symbols have their usual meaning.
Different values of Rseries were tried to find the correlation
factor between LnI and the reduced voltage, (V-IRseries)i
nearest to unity. Close agreement within one to two ohms between
the two methods was found.
The n factor and reverse saturation current Is were
calculated using equation (2.3) from the data with I larger than
0.2 mA. The barrier height OBn was calculated with the
assumption that all diodes even after heavy dose implantation
were still Schottky and Is still obeyed the thermionic emission
equation. The reverse saturation current density, Js, is given by
( 2.4)
where Ac-- metal-semiconductor contact area
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effective Richardson constant (120 A cm 72 k-2)
for electrons in Si
energy barrier height measuring from Fermi
level to the bottom of conduction band of the
semiconductor at the interface
This assumption was not valid for some samples of course but
the trend of barrier height variation could still be observed
because the exponential term always exists even for other current
transport mechanism.
2.4.3 I-V under different operation temperature
I-V measurements were made wih the samples put on a hot
chuck. Temperature of the chuck was controlled by a temperature
controller using a thermocouple embeded inside the hot chuck
stage as feedback element. Temperature stability of the chuck was
±10C but the accuracy of set point could be as worse as ±30C.
Because of this effect and together with the uncertainty in the
sample-chuck thermal contact, the exact temperature of the diode
under test could hardly be confirmed using such set up. It would
be Just a matter of shortage of-time to design and build suitable
equipment to make this measurement accurate. However, from a
qualitative point of view, the trend of the dependency between
temperature and the parameters can still be observed.
It is known that for a Schottky diode, the energy barrier
height can be obtained from a Ln(Is/T2) versus 1/T activation
energy plot [2.81. Also, due to different temperature dependency
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of Is for pn junctions and Schottky diodes, it is expected that
we can distinguish whether a rectifying contact is pn junction or
Schottky diode from a T2( d fl Is) versus T lot[ aT P PPendix A].
However, both of these techniques require precise temperature
values of the sample under test. This could hardly be
accomplished with the set up employed.
From equation (A-4) and (A-5) in appendix A, the increase in
reverse saturation current with increase in temperature for a pn
junction is found to be less than what a Schottky diode will be.
Therefore, the result of I-V plots in different operation
temperature could still be useful to. certain extent in
identifying a pn junction or a Schottky diode.
2.4.4 C-V measurements
An automatic C-V meter (MSI electronics C-V meter model 565)
in connection with a microcomputer Hp 85 from Hewlett Parkard was
used for C-V measurements. The C-V meter was designed with a
fixed frequency of 1 MHz for capacitance measurement. The result
was obtained from the graphic print-out of the computer. All
measurements were done in the dark to avoid photo generation
effect. A reverse bias voltage ramping from 0.1 to 30 volts was
applied. Some of the samples, especially for those that exhibited
ohmic properties could not produce useful result because they
were too conductive and the capacitance so measured was negative.
It was pity that the print-outs were not precise enough for exact
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calculation of the built-in potential of the diodes. Only the
doping concentration at the contact interface could be estimated
roughly from the slop of the 1/C2 versus reverse bias voltage
plot. That is,
( 2.5)
This relation was not always applicable because the voltage
dependency of the depletion capacitance on the reverse bias
voltage was not necessarily like this.
In general, with the term voltage dependent factor,m, the
dependency of depletion capacitance on reverse biasing voltage V
can be written as
( 2.6)
For Schottky or one-sided abrupt junction, m=2 and ND can be
calculated from equation (2.5). If m does not equal to 2, the
doping profile at the interface can be written as N(x)=B xm-2 and
the capacitance can be expressed as [2.9]:
( 2.7)
B is a constant in the equations. For m 2, the junction
is hyper-abrupt. On the other hand, if m 2, the junction is
graded. A special case is m = 3 which implies that the graded
shape is linear.
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It was difficult to determine the exact value of m for such
shallow junctions (usually less than 2000 JR) as formed by recoil
implantation using C-V measurements. Together with the erroneous
extraction of C and V values from the rough computer print-outs,
the value of ND or B could only be calculated to be in the order
of magnitude correct.
2.4.5 Anodic oxidation and sheet resistance profile study
By making repeated sheet resistance measurements on surface
having growing and stripping anodic oxidized silicon, the
electrical conductivity profile can be deduced. For a single type
of dopant, the carrier concentration can easily be calculated
through this sheet resistance profiling technique[ 2.10-2.12].
When there are more than one type of dopants, it is very
difficult to separate the individual effect and obtain the
concentration profile for each dopant. Hall effect profiling
technique is not applicable also as the Hall field and mobility
will be composite qualities.
In the case of recoil implantation using phosphorus or
arsenic through aluminum film on silicon surface, both n-type and
p-type impurities will be present inside silicon. Under such
circumstances, we can deduce the sheet resistance or conductivity
profile only.
Samples for this part were taken from those prepared
previously for sheet resistance measurements.Thin layers of
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surface silicon were removed by etching away the anodized layer.
Anodic oxidation was done with the set up as shown in Figure 2.1
at room temperature. Subsequent oxide etching was done by
immersing the whole piece of sample into 10:1 diluted HF.
Ethylene glycol (E.G.) added with 0.04 N KNO3 was used as the
electrolyte. Electrical contact was made on the back side of
wafer through a graphite with vacuum pump and piping facilities.
Anodization was done under constant current of 1.6 mA/cm2. Oxide
growth was controlled by time counting and monitored by
an ellipsometer. Thickness of Si consumed using this method was
0.44 times the final oxide thickness( 2.13]. It was found that
the final thickness of oxide for deep junctions were -proportional
to the increment of voltage drop while samples with shallow
junctions or incorporated with considerable amount of recoiled Al












Figure 2.1 Anodization apparatus
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Four point probe sheet resistance results are given in
Figure 3.1 (a) and (b). Two conditions are compared: the
dependency of sheet resistance, Rs, on the Ar+ implant dose and
also on the annealing temperature. The range of temperature was
from 400 to 8000C and the primary ion dose from 1E12 cm 2 to
1E16 cm-2.
3.1.2 I-V characteristics
The measured I-V curves of the Ar+ implanted samples, before
and after alloying, are given in Figure 3.2 and Figure 3.3
Alloying was done under 450°C for 20 minutes in N2 ambient. No
other additional heat treatment was made. The surface Al layer
was reserved after recoil implantation as the electrode for the
diode.
Ideality factor (N factor), reverse saturation current( Is)
and the Schottky barrier height( Sn) plotted in Figures 3.4 to
3.6 are related by the thermionic emission equation of a Schottky
diode (assume applicable even if the junction may not be just
simple Schottky) as described in section 2.4.2.
3.1.3 I-V under different operation temperature
I-V curves were measured with the sample put on a hot
chuck. The hot chuck was controlled by a temperature sensor using
a thermocouple embedded inside the hot chuck stage. However, the
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exact temperature of the chuck and that of the sample under test
were affected by many factors, such as sensitivity of the
controller and sample-chuck thermal contact. Exact relation
between the electrical parameters( Bn, N factor and Is) and
the ambient temperature cannot be deduced. From a qualitative
point of view, the trend of the dependency between temperature
and the parameters can still be observed, as shown in Figure 3.7.
3.1.4 C-V characteristics
Depletion capacitances of the diodes were measured with an
automatic C-V meter linked to a microcomputer manufactured by
Hewlett Packard. The equipment itself was built with a fixed
frequency of 1 MHz for capacitance measurement. Bias voltage was
set from 0.1 to 30 volts in order to sense the capactance with
various depletion layer width. Graphs were copied from the
computer print out directly, as shown in Figure 3.8. For curves
corresponding to dosage between 1E14 to 5E15 cm -2 (i.e. 5E14 and
1E15 cm-2) which lay together so close and in fact similar to
those of zero dose to 1E13 cm 2 are not shown.
Depletion capacitance, C, and reverse bias voltage, V,are
related by
( 3.1)
where Vbi is the built.-in potential of the junction and the
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voltage dependent factor is m.
Figure 3.9 shows the calculated values of in for V 1 volt
for each implant dose.
3.2 DATA ANALYSIS AND DISCUSSIONS
3.2.1 Sheet resistance
It has been shown [3.1] that optimum recoil efficiency is
obtained when the projected range of the primary ion is equal to
the surface layer thickness. In fact, the number of atoms of
surface metal recoiled inside semiconductor can exceed the total
primary ions. That is, one energetic primary ion may knock more
than one surface material atoms into semiconductor during the
collision cascade. If we define a term 'recoil efficiency' to be
the number of recoil surface aluminum atoms trapped in silicon
per incoming ion, this efficiency may be larger than unity. As in
the case of Sb recoil implant in reference [3.1], the recoil
efficiency increases with incoming ion mass and approximately.
equal to 2 for argon as primary ion. It is therefore expected
that recoil efficiency for Ar+ in Al recoil implant will be of
the.same order of magnitude.
From Figure 3.1 (a), it is shown that the sheet resistance
rises up rapidly for dosage larger than 1E15 cm 2. Those annealed
under higher temperatures (600-800°C) give higher value and rise
faster than those under lower temperature. This is an evidence of
Al incorporation inside silicon. As Al is a p-type dopant, it
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counter-dopes the silicon on the surface. The result can be in
two forms. One is to form a lighter doped surface layer, i.e. N
on N substrate. The other is the formation of a pn junction. If
the junction is shallow enough or the carrier concentration in
the p layer is low, the result can also be a high sheet
resistance as in the first case.
Figure 3.1 (b) exhibits the temperature dependent trend. The
sample implanted with 1E16 cm 2 shifted up even for the
unannealed sample. This is probably due to the effect of a
heavily damaged or amorphous layer. It is common for all
implantation process as considering that the surface of those
samples were milky after removal of surface Al layer. Another
possible reason may be the formation of argon bubbles inside
silicon [3.2]. For temperatures below 600°C, all samples follow
the same variation and nearly indistinguishable except the one
with dosage 1E16 cm-2. For temperatures higher than 600°C, the
sheet resistance begins to go up,showing that 600°C is the
transition temperature for activation of Al. The amount of Al
atoms activated under this temperature is very smalla result
which is consistent with other observations [3.3].
The dosage dependency is clear. The higher the primary ion
dose, the higher the sheet resistance can be reached. This is an
indication of more amount of Al atoms being forced into silicon
under high f luence. Those implanted with dosage less than lEl4
cm 2 cannot contribute to observable counter-doping effect.
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In order to extract more qualitative information from the
sheet resistance data, the relationship between the sheet
resistance of a sample having a counter-doped surface is derived
and is shown in appendix B. From the derived equation (B-12) and
Figure B-1 in the appendix, it is clearly shown thatp first
xj
goes to negative and then rises as Ap increases. A result which
is consistant with the measured data. Since all the sheet
resistance curves measured start falling at 700°C, this point
corresponds to the minimum of OCrx,. Therefore p can be
calculated from equation (B-13) that
The number of activated Al is just so small even at 700°C
This is not large enough for full activation even for the
smallest dosage used here. As seen in Figure 3.1(b) that there
exists a point that the curves of 1E14 and 1E15 cm-2 fall back to
nearly the initial reference value. This means A(1/Rs)= 0 at this
Rs
temperature. We have, from equation (B-7), that Ax= 0 and
xj
from equation (B-14) that
=2.65*1010cm-3
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Note that when Ap(O) no at this point, the substrate surface
has been changed to p type. Due to isolation by depletion region
of pn junction, we have
( 3. 2)
If xj= 0.5 m (a rough estimation) and wafer thickness d=380 um
this thin p layer must have a conductivity 380/0.5 times the
conductivity of the substrate alone in order to produce the same
value of.sheet resistance. For the conductivity of the substrate'
is about 1/15 (ohm cm)-1 ,the conductivity of the p layer is
approximately 50.7 (ohm cm)-l. Take the hole mobility to be 450
cm2 V-1s-1, the hole concentration is about 7 x 1017cm-3 which
is large enough-to allow full activation of low dose Al. If the
recoil efficiency for Ar+ implanted Al/Si is about one, then the
percentage activation for 1E15 cm-2 implant will be about 3.5%
for a 0.5 )lm. junction depth.
There is a small dip at 500°C for all samples. The exact
mechanism is not known. It may be a surface structural change
effect or other effects due to substrate itself. Many researchers
have reported on that phenomena as caused by recrystallization of
Lmplantation induced damage or amorphous Si at 550°C [3.4,3.5].
Cmpur ities trapped under such low temperature epitaxial regrowth
surface was suggested to carry out supersaturated doping [3.6,
3.7].
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3.2.2 I-V and C-V properties
The current-voltage plots before and after 450°C 20 minutes
N2 alloying as given in Figure 3.2 and 3.3 were obtained from
direct measurements of the diodes. Voltage drop due to series
resistance has not been deducted for these graphs.
Upon alloying, the low dose samples (lE13 cm 2 and below)
exhibited no great difference in the I-V plot. However, for those
implanted with higher dos e, the junctions before heat treatment
were not good, showing large leakage on reverse bias side and
also larger by-passing leakage current on the forward side.
After heat treatment, the forward by-passing current was
suppressed. This reduction phenomenon may be due to
( i) a reduction of damage at interface
( ii) formation of PN junction under silicon surface
(iii) amorphous surface was recrystallized even under low
temperature anneal [3.9,3.10]
The trend shows a gradual shift, upon increase in implant
dose, towards a higher cutin voltage. It is difficult to separate
how much that each of the listed reasons contributed to the high
dose-1-4 characteristics. Although it has been reported that even
at 350°C, amorphous silicon covered by Al can be recrystallized.
It can be expected that recrystallization will not be completed
as the time of annealing was only 20 minutes. Reason (ii) may be
true,but from the sheet resistance result, the average increase
in hole concentration at 450°C will be very small.
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For low dose samples, the diodes were essentially Schottky
as comparing the n factor, reverse saturation current and the
Schottky barrier height with the un-implanted one. It is
consistent with the sheet resistance result that little
difference can be found in that range. The leftward shift in I-V
curve for sample 1E13 cm -2 may be due to the reduced energy
barrier caused by donor-like surface damage at interface during
argon implantation [3.8] but there is not enough data to clearify
this point.
For dosage higher than IEl4 cm-2, the n factor began to
increase drastically and there were variations in reverse
saturation current and barrier height.
It has been shown in the sheet resistance result for dosage
1E14 cm -2 and higher that doping effect of Al increases rapidly
even for low temperature annealing. Therefore, although the
alloying temperature was only 450°C ,there must be a considerable
percentage of recoiled Al atoms being activated in the surface
region to cause an N on N structure. The barrier height was
lowered and hence the reverse saturation current became higher.
• The n factor increased from about one for low dose samples
to about 1.5 for intermediate dose and remained stable for two
order of implant dose and then went straight upward to more than
3. This dramatic increase is probably due to damage in
semiconductor at interface. The reasons are: firstly, from result
of the sheet resistance, the 1E16 cm -2 sample already showed a
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surface damaged layer, may be even amorphous in structure.
Secondly, the forward by-passing current for the 1E15 and 1E16
cm-2 samples were still very large even after alloying. Thirdly,
from the n factor, the saturation current and barrier height
deduced from these two samples, one can hardly configure out a
good diode model to fit the measured result.
If we consider the composite structure of the high dose
diode to be represented by a leakage by-passing resistor in
parallel with an ideal diode with a series resistor as shown in
Figure 3.10, the I-V characteristics of the diode can be
evaluated by computer simulation. By assuming different values
for the resistors and the resultant Is and n factor as obtained
from experimental data, it can be found by simulation that what
characteristics the ideal diode should have in order to fit the
final result. It is found that the n factor in such a way for
sample 1E16 cm 2 is 3.2, R2= 2 ohms and R1= 35 k ohms. Is for
the diode in the model is 3.9 x 10-6 amp. barrier height is
0.65 eV. For the sample 1E15 cm -2, n= 2, Rs= 0 ohm and R1
larger than 1 M ohms.
The results from the I-V characteristics at different
temperatures also support the above argument. The high dose
diodes became more leaky as the operation temperature of the
sample was increased. This leakage is obviously due to the
decrease in the by-passing resistance in the above model. It
shows that the current transport in the damaged path becomes more
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dominant at raised temperature.
The low dose diodes (lEl3 cm 2 and below) were Schottky. The
increase in reverse current was due to thermionic emission
effect. As the structure was shifting from purely Al/N-silicon to
Al/N IN substrate structure with increasing dosage, temperature
effect in increasing the reverse current became more obvious.
It is quite interesting to see that the family curves for
sample 1E14 cm 2 did not behave similar to a Schottky but
approaching to a pn junction. The number of Al in silicon may be
large enough to form a very shallow p layer just at the interface
while the implantation induced damage for this dose was very
little.
Surface counter-doping is again proved by the C-V plot. We
see that not much difference can be found in Figure 3.8 (a) for
samples implanted with dosage 1E13 cm-2 and below. They were
basically Schottky diodes in nature. The junctions were abrupt.
For samples lEl3 and 1E14 cm-2, capacitance at low bias was
larger but was then fell back to the curves of samples implanted
with lower dosages at higher bias. This increase in capacitance
indicates that there exists two segments in the 1/C2 versus bias
voltage plot, similar to that obtained by Ashok [3.11]. The low
bias segment was due to the counter-doping of the surface
electron concentration.
It is just pity that the computer print-out of the C-V
graphs were so rough that the built-in potentials of the diodes
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calculated from the 1/C4 versus bias plots were unacceptably
large. Efforts had been put on this matter but without success. A
rough calculation of the slope of the 1/C2 versus bias curve only
gave the electron concentration of the substrate wafer. The
damage for high implant doses like 5E15 and 1E16 cm -2 contributed
a flat line in the C-V curve. The voltage dependent factor, m,
for these samples are larger than 3 which implies the junction is
not linearly graded but varies as N(x) oc Xm-2 [3.12].
3.3 SUMMARY
1. Activation of Al recoiled inside silicon starts at 6000Cbut
this temperature is not high enough to put large amount of
Al atoms in electrically active positions.
2. The number of Al atoms recoiled inside silicon increases with
argon implant dose.
3. For samples implanted with argon dose 1E13 cm-2 and below,,the
diodes fabricated are Schottky.
For samples with 5E13 and 1E14 cm 2 implant, I-V curves shift
towards characteristics of a pn junction.
For other higher argon dosages, electrical properties of the
implanted diodes are affected by implantation induced




Figure 3.1 (a) Sheet resistance values of Al recoil implanted
wafers versus various Ar+ dosages
Figure 3.1 (b) Effect of annealing temperature on sheet
resistance values for Al recoil implanted wafers
using Ar+ as primary ion
Figure 3.2 I-V measurement result for Al/Si contacts after
recoil implantation with Ar and before alloying
Figure 3.3 I-V measurement result for Al/Si contacts after
recoil implantation with Ar+ and after 4500C 20
minutes alloying
Figure 3.4 Calculated N factor for Al/Si contact diodes
at various Ar+ dosages.
Figure 3.5 Calculated reverse saturation current for Al/Si
contact diodes at various Ar+ dosages
Figure 3.6 Calculated Schottky barrier height for Al/Si
contact diodes at various Ar dosages
Figure 3.7 I-V curves measured under different operation
temperature for each Ar+ dose
Figure 3.8 C-V curves measured with bias from 0.1 to 30 volts
at 1 M-!z for Ar+ implanted diodes
Figure 3.9 m value in C o(V 1/m relating the diode
capacitance C and reverse bias voltage V for
various Ar+ dosages
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I-V curves for Ar implanted diodes measured under different
operation temperature














Notice that the variation in the reverse biased side shows the
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f
R by-passing resistor
r2 series resistor with ideal diode
ROQ•„ series resistor due to bulk and backbci JL0 S
side contact resistance (assumed unchange
in the model and its effect was deducted
before simulation
Figure 3.10
Simulation model of diode for I-V measuremeni
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CHAPTER 4
Result and discussions on electrical properties of As+ and P+
implanted samples
4.1 EXPERIMENTAL RESULTS ,55
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4.1.2 I-V characteristics,55
4.1.3 I-V under different operation temperature,55
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4.2 DATA ANALYSIS AND DISCUSSIONS,56
4.2.1 Sheet resistance,56





It is found that the result for As+ and P+ as primary ion
for Al recoil implantation experiments are very similar and in
some aspects, nearly identitical to each other. Therefore, they
are considered as one catagory of ion species ---i.e., n-type
ions.
4.1.1 Sheet resistance
Sheet resistance results for As+ implanted samples are given
in Figure 4.1 (a) and 4.1 (b) while those implanted with P+ are
given in Figure 4.2 (a) and 4.2 (b) respectively. The heat
treatment and other constriants were the same throughout the
whole experiment for all samples under gone sheet resistance
measurements as described in chapter 2.
4.1.2 I-V characteristics
The measured I-V curves of As+ implanted samples are given
in Figure 4.3 and 4.4 and that of P+ implanted samples are given
in Figure 4.5 and 4.6. Alloying conditions were the same for all
samples, 4500C for 20 minutes in N2 ambinet.
Electrical parameters under study are N factor (Figure 4.7),
reverse saturation current (Figure 4.8) and the Schottky (being
assumed) barrier height (Figure 4.9) as the same as in the
previous experiment with Ar+ implanted diodes.
4.1.3 I-V under different operation temperature
For the n-type- ions, I-V characteristics appeared to be
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ohmic if the ion dose was equal to or greater than 5E14 cm-Z. For
those samples implanted with lower doses, I-V results were also
shown to be approaching towards highly conductive contacts as the
operation temperature of the diodes was raised. The I-V family
curves obtained for As+ and P+ implanted diodes are illustrated
in Figure 4.10 and 4.11 respectively.
4.1.4 C-V characteristics
Only the depletion capacitance of low dose samples, could be
measured. Figure 4.12 and 4.13 are the C-V results of As+ and P+
implanted samples respectively. -The contacts for high dose, and
even those intermediate dose samples were too conductive to make
measurements possible. The calculated voltage dependent factor,
M. of the depletion capacitance for the diodes are shown in
Figure 4.14.
4.2 DATA ANALYSIS AND DISCUSSIONS
4.2.1 Sheet resistance
In Figure 4.1 (a), a rapid rise in sheet resistance starts
at a dose of 1E14 cm-2 As+ for the curve of 700°C annealing. For
80 0 °C annealing, Rs rises at a dose of about 1E13 cm-2. As
estimated in the previous chapter in sheet resistance analysis
that much more Al atoms inside silicon will be activated after
800°C annealing for 20 minutes, the recoil efficiency for As+ in
Al/Si system is thus at least one order of magnitude higher than
that of Ar+ as compared with Figure 3.1 (a).
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Another point to note in the same graph is that for samples
implanted with 1E12 and 1E13 cm-2 As+, the resultant sheet
resistance was higher for higher annealing temperature. This
indicated the influence of Al was getting larger than arsenic as
more amount of the recoiled Al atoms were activated at higher
temperature. On the other hand, as the implant dose was increased
from 1E12 to 1E13 cm-2, effect of Al became suppressed by
activation of arsenic. The result is a decreasing slope as shown
in Figure 4.1 (a). Take the 700°C curve as an example, it drops
down until a dose of 1E14cm-2 and then rises up due to obviously
the reduction of percentage activation of arsenic atoms in high
dose, leaving the Al p-type counter-doping effect to be
dominating again.
The curve of 800°C annealing in Figure 4.1 (a) differs from
that of 700°C in a way that it shows a trend of drop in Rs as the
arsenic dosage is increased. Of course, the number of recoiled
Al is also increased correspondingly. A pn junction was formed
for the 800°C annealed sample when As+ implant dose was 1E16 cm-2
(note that when (1/Rs)= 0 as derived in chapter 4,p no).
This drop in Rs is certainly not due to n-type doping from
arsenic as the percentage activation of arsenic in between 700--
900°C annealing is nearly constant [4.1] while that of Al
increases drastically when temperature is higher than 700°C.
Figure 4.1 (b) shows the isochronal heat treatment behavior
of Rs after annealing at different temperature. The time for
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annealing was 20 minutes. The shape of the curves appeared to be
similar to that of Ar+ implanted samples in chapter 3. Sheet
resistance started to rise at 600°C, reached a peak value at
700°C and then fell as the p-type carrier concentration was
increased by thermal activation. The peak value of Rs is
proportional to the arsenic dose. This may be obvious as the
amount of Al inside silicon has been shown to be larger for
larger arsenic implant dosage.
The sample implanted with 1E14 cm -2 As+ was unable to rise
until 700°C. This was probably due to opposite effect caused by
activated As atoms. It is known that about 10% arsenic atoms can
be activated after 700°C annealing and will be constant up to a
little bit higher than 800°C [4.1] for high dose arsenic
implantation. Therefore, under the circumstances that As
activation remained unchanged and percentage activation of Al
increased.rapidly from 700 to 800°C, it is obvious that the
sample with 1E14 cm-2 arsenic implant was influenced by Al more
in the final-stage.
The percentage activation of impurities inside silicon for
each arsenic implant dosage must be different. For arsenic
dosages 1E12 and 1E13 cm-2, as for an example, after annealing at
700°C, Rs values were dominated by p-type carrier contributed by
Al. When As+ dosage was increased, p-type doping effect was
reduced due to increased amount of activated arsenic atoms. The
reduction of Rs value continued as arsenic dosage was increased
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until a turning point at 1E14 cm-2. When arsenic dosage was
higher than JEl4 cm-2, the number of active n-type carrier was
suppressed by some reason and resulted in a rapid transition from
increasing n-type domination to a p-type dominated situation.
This reduction of active n-type carrier concentration was
probably due to clustering effect of arsenic atoms which occurs
somewhere in between 700-8000C [4.2].
Similar to the case of argon implantation, there was a dip
in Figure 4.1 (b) at 500°C annealing for all samples. Regardless
of the arsenic implant dose, the sheet resistance value for all
samples at that point were the same. It was probably due to
recrystal l ization of surface damage or implantation induced
amorphorus layer with large amount of dopants trapped inside
silicon surface as discussed before.
Examinations on results of P+ implanted samples as given in
Figure 4.2 (a) and 4.2 (b) revealed the same trend and reasoning
for low dose (1E14 cm-2 and below) implants. For the case of
higher dose. P+ implant, n-type doping effect still continued to
be dominant due to activation of phosphorus. It is known that for
high dose P+ implant, heat treatment at 700°C for 30 minutes can
put approximately 80% of the implanted phosphorus atoms into
electrically active positions and nearly complete activation can
be achieved when 800°C is used (4.3]. Hence, from the point that
the difference between the resultant Rs is not far from the
reference value even for the highest dose of 1E16 cm-2 and nearly
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full activation of phosphorus and about 10% activation of Al
after 800°C anneal, the amount of Al recoiled inside Si must be
larger than phosphorus (assuming that the depth being influenced
by phosphorus and by Al is approximately the same order). This
yields a conclusion of larger than unity recoil efficiency for
phosphorus in Al/Si recoil implant system.
4.2.2 I-V and C-V properties
The I-V and C-V characteristics of diodes using As+ and P+
as primary ion for Al recoil implantation are very similar, as
shown in Figures 4.3 to 4.14,' except the before alloying I-V
characteristics. The before alloying I-V curves for various As+
dosages in Figure 4.3 showed that the diodes were getting towards
an extreme of less conductive from zero dose to 5E13 cm-2 even
in forward biased condition although these diodes were still
shown to be rectifying. This phenomenon was just contrary to
other researchers reported on the barrier height lowering caused
by implantation induced defects before alloying (4.4]. It was
probably due to the increase in the series resistance of the
diode as ,implant dosage was increased--- an effect due to the
counter-doping at interface region by Al recoils inside silicon.
It caused a high resistance N region on'n-type substrate while
very small amount of arsenic was activated at such low
temperature. An evidence for this fact was that the turn on
threshold for these diodes were approximately unchanged but the
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rise in forward current was shown to be different. When arsenic
dosage was further increased to higher than 5E13 cm-2, barrier
height lowering effect due to surface damage became dominant.
Samples implanted with 1E14 to 1E15 cm-2 were still rectifying
and showed sharp difference between forward and reverse biased
conditions. The As+ implanted contact became ohmic only for a
high dose of 1E16 cm-2. For those before alloying I-V curves of
P+ implanted diodes shown in Figure 4.5, the junctions were
leaky and finally became ohmic contacts as P+• dose was increased.
Effect of recoiled Al was much less obvious in this case.
After alloying, both I-V curves for P+ and As+ implanted
diodes showed a trend of barrier lowering with increase in
implant dose. It is easy to understand for the case of P+
implanted samples that phosphorus implanted inside Si were more
easily activated than Al. This phenomenon had already been proven
in the sheet resistance result in Figure 4.2 (a). For the case of
As+ implanted diodes, unlike that of Ar+ implanted samples,
effect of Al was overcomed by arsenic even for such low
temperature alloying. Effective barrier height was reduced in
accordance with, increase in arsenic implant dosage. The N- on N
structure that contributed to high series resistance in the
before alloying I-V curves seemed to be eliminated away,
resulting in reduced barrier height and also in series
resistance. The ohmic contact so formed after lEl6cm-2 As+
implant was measured. It acted as a 22 ohms resistor within which
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about 16 ohms was contributed by the bulk. For a contact area of
0.0314 cm2, the contact resistivity was therefore calculated to
be 0.19 ohm cm2. This value seemed to be very large but it should
be considered that the substrate phosphorus concentration was
only 2.5x1014 cm-3 which was impossible to form ohmic contact
using Al by conventional metallization method.
Examination on graphs for N factor, reverse saturation
current and the calculated Schottky barrier height with various
implant doses revealed a common point that the threshold dose to
achieve ohmic contact was the same for both As+ and P+ ions.
Figure 4.7 gives the relationship between N factor at different
implant doses. It is interesting to see that contrary to small
value of N factor for an ohmic contact, the N factor goes up with
increase in implant dosage.
The transition from rectifying contact to ohmic conduction
is clearly shown in the I-V curves in Figure 4.4 and 4.6. The
turn on threshold was reduced with increase in implant dose. The
arsenic (or phosphorus) doping effect at the interface had
dominated the current transport mechanicism in such a way by
lowering the barrier height and increasing the reverse saturation
current. The structure of these high dose implanted diodes were
just like a leaky Al/Si Schottky contact formed on a damaged
surface. When under small bias voltage, the junction by-pass
leakage current was the main component of current flow. Poor
rectifying I-V shape for such a contact resulted in a large N
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factor.
Shannon had predicted that Schottky barrier height
modification can be done without degrading the reverse
characteristics only if the heavily doped surface layer is
sufficiently thin (less than 100)[ 4.5]. In this experiment,
this condition was achieved only when the implant dose was 1E13
cm-2 and below. This was the condition as verified by Shannon
[4.6,4.7]. Therefore, we can say that Shannon's experiment is
only a special case in the whole transition. Our experiment has
demonstrated a full range of changes and also different from his
experiment in a way that we were implanting dopants through metal
film. It is, of course, necessary to find a suitable n-type
dopant for matching with the n-type substrate and that the dopant
can be activated under lower temperature than surface material
recoiled into the semiconductor if Shannon's barrier height
lowering technique is the purpose of application.
A small peak was found at dose 1E12 cm-2 in Figure 4.7. It
was due to the fact that activation of arsenic (or phosphorus)
in low implant dose was very small, as shown in the sheet
resistance results (Figure 4.1 (a) and 4.2 (a)). Electrical
properties were mainly influenced by the recoiled Al. The
effective Schottky barrier height was increased. This is similar
to the case of implanting argon in the previous chapter. For
dose lEll cm-2 in Figure 4.9, the barrier height was shown to be
even higher than the un-implanted reference. When the implant
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dose was increased, the role of influence depended on the n-type
primary ions. The point of this role changing occured just in
between the dosage 1E12 and 1E13 cm 2.
From the family curves of I-V in different operation
temperature, the gradual change of how a Schottky contact
becomes ohmic is clearly demonstrated. For those high dose
samples, when the temperature of operation was raised, the
reverse current increased rapidly and the contact eventually
became ohmic. This was an indication of very low barrier height
as seen from the metal side. Take for instance, the sample
implanted with 1E13 cm -2 P+, the I-V became ohmic at about 140°C
operation temperature. This meant that the barrier height as seen
from the metal side was only about 0.04 eV. Tunnelling was then
the mechanicism of current transport for high operation
temperature (current transport for ohmic contact is by tunnelling
[4.8]).
Only the C-V graphs for low dose As+ and P+ implanted
samples are available, as shown in Figure 5.12 and 5.13.
Calculation from the slope of 1/C2 versus bias voltage only gives
the substrate electron concentration (i.e. 2.5x1014 cm-3) for
these diodes. Although the slope for each individual of the
samples gives a ,slightly different concentration value, the
difference is not obvious. It is interesting to note that the
sample implanted with 1E13 cm -2 As+. showed a constant capacitance
up to 1 volt. This may be caused by the finite thickness of
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heavily doped Nt surface by arsenic.
Due to the C-V graphs taken from computer print-out was very
rough, detailed calculation on built-in potential with various
implant doses could not be performed without tremendous error.
However, we can still catch a scene of barrier height reduction
with increasing n-type ion dosage from graphs Figure 4.12 and
4.13. as the absolute value of the slope of log C versus log V
curve at low biasing voltage (below 1 volt) was increasing with
implant dose. The larger capacitance value at low bias can result
in steeper slope in 1/C2 versus bias voltage curve and hence
smaller value of built-in potential as the voltage intercept in
the corresponding graph will be smaller.
4.3 SUMMARY
1. The electrical properties of Al/Si contact after recoil
implantation using P+ or As+ as primary ion is effectively
the same. The recoil efficiency for P+ ions is larger than
one while it is much larger for As+ ions. PN junctions are
readily formed on n-type substrate by knock on Al atoms using
high dose As+ implantation and a subsequent thermal
activation between 700 and 800°C, taking the advantage of
minimum arsenic influence due to clustering effect at this
range of temperature. For P+ implants, only n-type doping
effect is observed in the sheet resistance measurements.
2. For Al/Si contacts implanted with either P+ or As+ with
dosage below -lEl3 cm-2, the electrical characteristics of a
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Schottky diode is still preserved although the energy barrier
height will be modified. For both of these ions, higher
barrier height due to influence from recoiled Al for dosage
below 1E12 cm-2 and barrier lowering due to n-type (P+ or
As+) ions for dosage between 1E12 and 1E13 cm-2 will be
resulted. Ohmic contact will be achieved even without further
heat treatment after implantation if either P+ or As+ dosage
is higher than 5E14 cm-2. Formation of Al/Si ohmic contact
using this through metal implant technique is possible even
if the n-type substrate concentration is as low as 2.5x1014
cm -3
3. Silicon recrystallization of surface damage and implantation
induced amorphorus layer at about 5000C was observed.
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Figure captions:
Figure 4.1 (a) Sheet resistance values of Al recoil implanted
wafers versus various As+ dosages
Figure 4.1 (b) Effect of annealing temperature on sheet
resistance.values for Al recoil implanted wafers
using As+ as primary ion
Figure 4.2 (a) Sheet resistance values of Al recoil implanted
wafers versus various P+ dosages
Figure 4.2 (b) Effect of annealing temperature on sheet
resistance values for Al recoil implanted wafers
using P+ as primary ion
Figure 4.3 I-V measurement result for Al/Si contacts after
recoil implantation with As and before alloying
Figure 4.4 I-V measurement result for Al/Si contacts after
recoil implantation with As+ and after 450°C 20
minutes alloying
Figure 4.5 I-V measurement result for Al/Si contacts after
recoil implantation with P+ and before alloying
Figure 4.6 i-V measurement result for Al/Si contacts after
recoil implantation with P+ and after 450°C 20
minutes alloying
Figure 4.7 Calculated N factor for Al/Si contact diodes
at various As+ and P+ dosages
Figure 4.8 Calculated reverse saturation current for Al/Si
contact diodes at various As+ and P+ dosages
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Figure 4.9 Calculated Schottky barrier height for Al/Si
contact diodes at various As+ and P+ dosages
Figure 4.10 I-V curves measured under different operation
temperature for each As+ dose
Figure 4.11 I-V curves measured under different operation
temperature for each P+ dose
Figure 4.12 C-V curves measured with bias from 0.1 to 30 volts
at 1 MHz for As+implanted diodes
Figure 4.13 C-V curves measured with bias from 0.1 to 30 volts
at 1 MHz for P+implanted diodes
Figure 4.14 m value in C of V 1/m relating the diode
capacitance C and reverse bias voltage V for
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I—V curves for As implanted diodes measured under different
operation temperature


























Notice that the variation in the reverse biased side shows the










I-V curves for P implanted diodes measured under different
operation temperature


























Notice that the variation in the reverse biased side shows the
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The use of boron for shallow junction is not desirable since
high dose B+ implantation on silicon at rocm temperature cannot
produce an amorphorus layer [5.1]. Annealing temperature higher
than 900°C is required to get full electrical activation of boron
while deep diffusion will take place. Molecular BF2+ ions are
usually considered as heavy p-type dopant. It has been shown that
implantation with BF2+ is superior to B+ in many ways and has
aroused great interest in the study of applications in integrated
•circuit fabrication. Besides the shorter straggle than boron, P+N
junction formed by BF2+ implant has lower reverse leakage current
[5.2]. Recrystallization of an implantation induced amorphorus
layer also allows high electrical activation at a temperature of
about 550°C [5.3,5.4]. For comparison, both B+ and BF2+ ions were
selected in this experiment. The results are essentially the same
and can be grouped together as one catagory of ion species -i.e.,
p-type ions.
5.1.1 Sheet resistance
Linear four point probe measurements for B+ implanted
samples are given in Figures 5.1 (a) and (b) while those implanted
by BF2+ are given in Figures 5.2 (a) and (b). Isochronal annealing
behavior for both kinds of ions were very similar. Heat treatment
and other constraints on measurements were the same as those




The I-V graphs for various implant doses for B+ and BF2+
implanted samples, before and after alloying, are shown in
Figures 5.3 to 5.6. The diodes were formed by patterning 2 mm
diameter Al dots on top of silicon surface. Alloying was done
under 450°C for 20 minutes in N2 ambient.
N-factor, reverse saturation current and Schottky barrier
height (being assumed valid for all implant doses) were the
parameters of interest, as discussed in chapter 3 for Ar+
implanted samples. Results are shown in Figures 5.7 to 5.9
5.1.3 I-V under different operation temperature
It is very difficult to distinguish a pn junction diode and
a Schottky diode from the I-V curves only. Therefore the I-V
curves in different operation temperature were plotted, as shown
in Figures 5.10 for boron and 5.11 for BF2+ implanted samples.
Measurements were made in dark and precautions were the same as
specified in the previous chapters.
5.1.4 C-V characteristics
The depletion capacitance versus the bias voltage as
obtained using 1 MHz were measured by a computerized setup.
Figures 5.12 and 5.13 are the graphic output as copied from the
printer.
A graph showing the voltage dependent factor m of the
depletion capacitance for various implant dosages is given in
Figure 5.14', where the capacitance and reverse bias voltage is
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related by
5.2 DATA ANALYSIS AND DISCUSSIONS
5.2.1 Sheet resistance
Figures 5.1 (a) and 5.2 (a) are very similar. In fact, the
effect of boron, rather than the recoiled Al, had played a
dominating role on sheet resistance. The increase in sheet
resistance started at a dose as low as 1E12 cm 2. Except those
just stored under room temperature and without additional heat
treatment, no samples were unable to increase when implant dose
was higher than 1E13 cm 2. Consider that activation of Al will
take place only when the annealing temperature is 600°C or
higher, it is not possible for the sheet resitance• to increase
after 400°C annealing if the effect is due to Al alone without
the contribution from boron. The second clue is the recoil
efficiency increases with the mass of primary ion [5.5]. Since
arsenic (atomic weight 75) ions are much heavier than BF2+ and
B+, and we have observed in chapter 4 that one cannot make the
sheet resistance of a sample with 1E13 cm-2 arsenic in Al/Si
recoil implant to rise at low temperature annealing, the effect
must be due to boron. Contribution from recoiled Al existed but
was comparatively smaller. This can be seen by comparing Figures
5.1 (a) and 5.2 (a) for curves of annealing temperature at 700
and 800°C. The leftward shift of Rs peak for BF2+ implanted
samples indicated the amount of p-type carrier was larger than
those with the same dose of B+ implant. The excess p-type
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carriers were generated from activated Al.
As shown in appendix B. equations (B-6) and (B-12) have
already given the shape of changes of Rs with increasing hole
concentration indirectly. Maximum Rs corresponds to a hole
concentration of about 2.65x1010 cm-3 (equation B-13).
Thereafter, further increase in hole concentration will form a p-
layer at the surface region of the n-type substrate before the
value of sheet resistance falls back to the value equals to that
of substrate. We can thus determine which sample has formed pn
junction from the sheet resistance graphs. From Figure 5.1 (a),
pn junctions are found for nearly all samples if the implant dose
is high enough. Take a boron dose.of 1E15 cm -2 for- example, pn
junction is formed if annealing temperature is not less than
600°C. This is also true for BF2+ implanted samples in Figure
5.2 (a).
From Figure 5.1 (b), we can see that impurities inside
silicon have no effect on Rs if the samples are put under room
temperature. For annealing temperature higher than 400°C,
however, with boron dose higher than 1E14 cm-2. sheet resistances
increased dramatically and reached the region of decreasing Rs
with increasing annealing temperature. Since 400°C is well below
the transition temperature for activation of Al, this change in
Rs is mainly caused by boron.
Again, a dip also existed at 500°C for both kinds of ions.
As explained before, it was due to crystallization of
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implantation induced amorphorus layer. Note that with the
implantation condition used in this experiment, the critical dose
for amorphizing Si is about 1x1014 cm-2 for both B+ and BF2+
ions. It is different from the reported work on direct boron
implantation since only crystalline silicon could be found even
for a high dose of 1x1015 cm-2 [5.1,5.3].
Rise in sheet resistance in between 500 and 600°C is caused
by boron precipitation on or near dislocations of recrystallized
crystal lattice, as reported by Bicknell [5.6] from TEM studies.
Further increase in annealing temperature allows more boron atoms
to fit into substitutional sites and become electrically active.
The trend of Rs in this isochronal graph is in fact similar to
the annealing behavior of direct implantation of boron as
reported by Seidel and MacRae (5.7] in the study of percentage
activation against different annealing temperature. In their
study, they claimed that the increase in conductivity in the
region in between 400 and 5000C was due to removal of point
defects. Since it is well known that BF2+ implantation to a
f luence of order 1015 cm-2 can create a continuous amorphorus
layer t5.2,5.3], and the trend of Rs in both Figures 5.1 (b) and
5.2 (b) are so similar, it is difficult to say just from
electrical measurements that it is caused by amorphorized silicon
or just point defects unless a structural analysis is made.
5.2.2 I-V and C-V properties
Although the variations of N factor, reverse saturation
99
current and the calculated Schottky barrier height (assumed all
diodes to be Schottky) for both B+ and BF2+ implanted diodes are
very similar,, as shown in Figures 5.7 to 5.9, the physical
structure of diodes for these two groups are very different.
Comparison of the boron implanted I-V before and after alloying
revealed the fact that implantation with boron did not degrade
the reverse I-V characteristics even before alloying. The I-V
curves for as prepared diodes exhibited no great difference from
one another. Difference in boron dosage only resulted in slight
deviation from the un-implanted reference. This indicated that
even with the highest dose (1E16 cm-2) used here, damage effect
due to boron was very little. Upon alloying with 450°C for 20
minutes, the electrical properties changed from a Schottky
contact to that of a pn junction according to the implanted boron
dose. Figure 5.4 shows the whole spectrum of this transition. The
final pn junction was established when boron dosage was 1x1014
cm-2 or higher. This critical dose is consistent with the sheet
resistance results in Figure 5.1 (b). Further increase in hole
concentration only made the ideality factor closer to unity and
further decrease in reverse saturation current. On the whole, the
shape of I-V curves for those high dose samples grouped together.
Note that the effect using either B+ or BF2+ as primary ion for
Al/Si recoil implantation in the dose range of 1x1012 cm -2 to
1x1013 cm -2 is just like Shannon's method of modifying Schottky
barrier height [5.8,5.9], although his scheme was based on low
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energy direct implantation.
For the case of BF2+ implanted diodes, especially in the
high dose range, the junctions were leaky under reverse bias. The
I-V curves before alloying were even worse than those after. As
discussed in chapter 3 before, the recovery towards better
reverse leakage current was mainly caused by three reasons,
namely: the recovery of dopants, recrystallization of amorphorus
layer or the formation of pn junction. Since it is known that
amorphorus silicon layer always exist after high dose BF2+
implant, the leaky junctions before alloying must be due to
amorphorus silicon at the Al/Si contact interface. Upon alloying
in 450°C, partial recovery of crystal structure took place while
certain amount of boron atoms were activated. The diodes
performed like pn junctions more than purely Schottky. The
transition from purely Schottky to pn junction was just like
those implanted with boron. However, the BF2+ implanted diodes
were still leaky even after alloying. This might be improved if
the alloying temperature was higher, say 500°C, to allow better
recrystallization of silicon (since it has been reported that
550°C is good enough for recrystallizing implantation induced
amorphorus silicon [5.3,5.4]).
The shape of the variations in ideality factor and reverse
saturation current for B+ and BF2+ implanted diodes are basically
the same, although the amplitude and degree of dosage dependency
were somewhat different. The dosage for BF2+ implanted samples
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extended to 1E17 cm -2 for the sake of comparison of the trend of
variation with the boron implanted diodes. The offset between
these two curves was due to difference in substrate
concentration. This can be easily seen in the data of the un-
implanted reference. The ideality factor ranged from 1 to 2. This
is an evidence of changes in current transport mechanism in
accordance with boron dosage.
From the graph of the ideality factor for different dosages
shown in Figure 5.7, a drop towards the unity ideality factor
began as the dosage was 1E15 cm -2 for boron and 1E16 cm-2 for
BF2+. This corresponded to the region of formation of pn junction.
For the case of BF2+ implant, due to effect of damage and surface
amorphorization, good pn junction began to form when dosage was
higher than lEl6 cm-2. The formation of pn junction can also be
proved in the I-V curves under various operation temperature as
shown in Figure 5.10 for boron and 5.11 for BF2+. From these
graphs, the transition from Schottky to pn junction was already
demonstrated as the temperature dependence of reverse current of
a pn junction is far less than that of a Schottky contact. Effect
of damage for BF2+ implanted samples can also be illustrated in
Figure 5.11 as the shape of leakage current in reverse bias did
not saturate for high dose implant (i.e. 1E16 cm 2). Therefore,
for the 1E17 cm2 sample, the interface of pn junction was formed
deep enough inside silicon that surface damage no longer
dominated the current transport. By the way, this form of leakage
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in reverse bias does not exist for boron implanted samples.
A peak for the N factor at dose 5E12 cm -2 was found for botl
kinds of ions. It looks just like the same phenomenon as that of
As+ and P+ implant. They are not the same effect, however, if we
recall the fact that 5E12 cm -2 is just at the mid-way in the
transition from simple Schottky to pn junction as shown in the
alloyed I-V graphs in Figures 5.4 and 5.6. It is just the
critical dose for applicability of the Schottky thermionic-
emission current transport. The dashed lines in Figure 5.8 and
5.9 indicate approximately this change as a gradual modification
of Schottky barrier. Although the higher dose data in Figure 5.9
are not valid since we cannot simply represent a pn junction by a
Schottky barrier, they are poltted for observing the trend in the
barrier variations.
The modification of Schottky barrier height by low energy
implantation had been studied in detail by Shannon [5.8--5.11].
He had described how the effective Schottky barrier height could
be increased by introducing opposite type of impurities at the
surface. The maximum increase in barrier height can be achieved
just before the formation of a pn junction when the Fermi level
comes within a few• kT of the conduction band edge. Recoil
implantation with boron and BF2+ as primary ion for Al/Si system,
the impurities at the silicon surface are p-type which is
opposite to the carrier type of the n-type substrate wafer. In
the low dose range as represented by the dashed lines in Figures
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5.8 and 5.9, the barrier is still Schottky. The increase in
barrier height S. is given by5.9.5.111:
( 5.1)
where Ns is the average number of electrically active charge
carriers per unit area of surface layer
t thickness of surface layer
Er dielectric constant of semiconductor
Ea permittivity of free space
When the implant dose is increased, both Ns and t will be
increased and, Bn will be increased accordingly. The N factor
will also increase approximately as (N-l)oct NA1/2 where NA is
the active accepter concentration [5.11]. Therefore, the increase
of N factor at region between 1E12 cm -2 to 1E13 cm 72 in graph 5.7
is due to Schottky barrier height modification.
The region of gradual formation until final establishment of
a well defined pn junction is located in between the boron dose
ranging from 1E13 cm-2 to 1E14 cm-2 (1E13 cm-2 to 1E15 cm-2 for
the case of BF2+ implant). Although the exact mechanisms
involving the transition from Schottky barrier to pn junction is
not known, we may assume major influence on current transport
comes from a non-ideal ohmic contact at the metal-semiconductor
contact. This contact is a leaky Al/p-type Si Schottky diode
which is added-in series and back to back with the newly
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produced pn junction diode. The effect of this leaky Al/p-Si
Schottky diode is just like a voltage variable resistor. When the
implant dose is increased, the leakage current of this Al/p-Si
Schottky diode is also increased. It is possible to lower the-N
factor towards unity again as shown in the graph.
The higher dose region before the N factor drops down again
corresponds to the damage effect dominated region as described in
chapter 3. As the atomic weight of BF2 and boron is 49 and 11
respectively, surface damage effects contributed by BF± implant
is larger than that. of B+. The amplitude variation in the
calculated reverse saturation current in Figure 5.8 is hence
nearly one order of magnitude larger than that of boron impanted
samples.
The final drop in Is for high dose implant is a result of
deep junction and narrower depletion width when the p side
concentration of the P+N junction is increased. Since the total
reverse current for a pn junction is the sum of both the
diffusion current in the neutral regions and the generation
current in the depletion region, reduction of depletion width
lowers the generation current and the N factor to unity as well.
C-V measurements of boron implanted samples as given in
Figures 5.12 and 5.14 show that all the samples are one-sided
abrupt junction diodes. The doping concentration calculated for
all diodes are approximately the same and is equal to the
electron concentration of substrate wafer.
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For BF2+ implanted samples, the data points in Figure 5.14
shows a monotonic increase in value of m with implant dose
(recall that C c V-l/m). Such high dose junctions appears to be
more linearly graded. -The upward shift of the curve for a dosage
of 1E16 cm -2 in Figure 5.13 may be due to implantation damage at
the junction.
5.3 SUMMARY
1. From sheet resistance and the measured I-V results, the effect
of recoil implantation using B+ and BF2+ as primary ions on
the electrical properties of Al/Si contacts are effectively
the same. Impurities inside silicon after recoil implantation
are not active at room temperature. However, pn junction can
be formed even after 450°C 20 minutes annealing for high
implant dosage.
2. Recoil efficiency and implantation induced damage at silicon
surface for BF2+ is higher than B+. Silicon recrystallization
of surface amorphorus and damaged layer at 500 to 550°C was
observed.
3. Al/Si Schottky barriers formed after implantation with B+ or
BF2+ can be changed to pn junctions. The transition is as the
followings:
( i) Dose 0 to 1E13 cm 2 for B+ and BF2+
Schottky contact, increase in barrier height with increase
in implant. dosage
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(ii )Dose 1E13 to 5E14 cm-2 for B+ and
1E13 to 1E16 cm-2 for BF2+
Transition region from Schottky barrier to pn junction.
Surface damage also affect the performance of the diode.
(iii) Dose 5E14 cm 2 for B+----- one sided abrupt
1E16 cm 2for BF2+--- linearly graded




Figure 5.1 (a) Sheet resistance values of Al recoil implanted
wafers versus various B+ dosages
Figure 5.1 (b) Effect of annealing temperature on sheet
resistance values for Al recoil implanted wafers
using e as primary ion
Figure 5.2 (a) Sheet resistance values of Al recoil implanted
wafers versus various BF2+ dosages
Figure 5.2 (b) Effect of annealing temperature on sheet
resistance values for Al recoil implanted wafers
using BF2+ as primary ion
Figure 5.3 I-V measurement result for Al/Si contacts after
recoil implantation with B and before alloying
Figure 5.4 I-V measurement result for Al/Si contacts after
recoil implantation with e and after 450°C 20
minutes alloying
Figure 5.5 I-V measurement result for Al/Si contacts after
recoil implantation with BF2+ and before alloying
Figure 5.6 I-V measurement result for Al/Si contacts after
recoil implantation with BF2+ and after 450°C 20
minutes alloying
Figure 5.7 Calculated N factor for Al/Si contact diodes
at various e and BF2+ dosages
Figure 5.8 Calculated reverse saturation current for Al/Si
contact diodes at various B+ and BF,,+ dosages
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Figure 5.9 Calculated Schottky barrier height for. Al/Si
contact diodes at various B+ and BF2+ dosages
Figure 5.10 I-V curves measured under different operation
temperature for each B+ dose
Figure 5.11 I-V curves measured under different operation
temperature for each BF2+ dose
Figure 5.12 C-V curves measured with bias from 0.1 to 30 volts
at 1 MHz for B+implanted diodes
Figure 5.13 C-V curves measured with bias from 0.1 to 30 volts
at l MHz for BF2+implanted diodes
Figure 5.14 m value in C oc V-1 /M relating the diode
capacitance C and reverse bias voltage V for
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I-V curves for B implanted diodes measured under different
operation temperature
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I—V curves for BF2+ plted diodes measured under different
operation temperature
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SHEET RESISTANCE AND CONDUCTIVITY PROFILES
6.1 For Ar+ implanted samples,134
6.2 For As+ implanted samples ,136






It is very difficult to measure the electrically active
carrier concentration profile for each individual element when
more than one kind of impurity exist inside a semiconductor, such
as in the case of Al recoil implantation using arsenic or boron
as primary ion. Both spreading resistance probe and Hall effect
profiling technique are not applicable. In fact, apart from
physical measurements using RBS (Rutherford Backscattering), AES
(Auger Electron Spectroscopy) or SIMS (Secondary Ion Mass
Spectroscopy) which are very expensive and not available in this
stage, there is no established electrical technique available for
such measurements. Therefore, we can only measure the composite
conductivity profile.
Repeated anodic oxidation together with stripping away the
anoxidized silicon layer thereafter for sheet resistance
measurements' provides a simple way of conductivity profiling
[appendix C]. Samples implanted with Ar+, As+ and BF2+ were
selected for electrical conductivity profile examination. The
measured sheet resistance and conductivity profiles with
different primary ion dosages and subsequent annealing
temperatures are discussed in this chapter.
6.1 For Ar+ implanted samples
From the sheet resistance results for Ar+ implanted samples
described in chapter 3, there is no sign of formation of pn
junction' for argon dosage below 1E15 cm-2 and annealing
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temperature below 700°C. Therefore, it is the best to see the
conductivity profiles resulted from Al/Si recoil implant using
argon implanted samples annealed at 600°C since it is the
critical temperature for activation of Al and argon is not a
dopant of either type in silicon. The profiles measured may
disclose the scene of transition from purely n-type substrate
towards the formation of a pn junction when different amount of
Al atoms were recoiled into the semiconductor.
Figure 6.1 illustrates the sheet resistance values measured
at different thickness of silicon removed. The corresponding
conductivity profiles were calculated for each Ar+ dose using
relations described in Appendix C. Invalid results* of negative
conductivity were obtained. This is because that conductivity
profiling using linear four point probe and repeated layer
removal can only be done on substrates with increasing sheet
resistance along the depth [6.1]. Since the electron
concentration at the surface region was reduced due to counter-
doping by Al, the structure of these samples were N- layer on
top of N-substrate. Sheet resistance at deeper region became
smaller as more thickness of the N surface was removed.
The depth of the influenced layers, as shown in Figure 6.1
for all dosages were very shallow, only in the order of a few
hundred angstroms. Should the annealing temperature be higher
when more amount of Al atoms were activated, this high
resistivity N layer would become a p-type region. As will be
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discussed later that even for an n-type primary ion such as
arsenic, an Al p-doped layer of about 2000 A can easily be
obtained after 800°C annealing for 20 minutes. Formation of
p-layer from recoiled Al using argon implant is simpler because
argon itself is not an electrically active dopant.
An analytical derivation of sheet resistance for recoil
implantation doped semiconductor using exponentially decreasing
function for the subsequent profile of the recoils is discussed
in appendix D. By using the derived equation, the shape of
sheet resistace profile of a surface counter-doped sample as in
the case discussed here has been estimated. The sheet resistance
so calculated is dominated by the bulk and exhibits 'to be nearly
constant with very slight increase as more amount of surface
layer is removed.
6.2 For As+ implanted samples
Sheet resistance profiles for As+ implanted samples with
dosage ranging from 1E12 to 1E16 cm -2 and annealed at 600°C for
20 minutes is shown in Figure 6.2. It is very interesting to see
that the sheet resistance profiles for all dosages are nearly
flat although there is a slight trend of monotonically increase.
In the case of samples implanted with argon having the same
dosage and heat treatment, very low conductivity N region has
already been formed. Since the atomic mass of arsenic is much
larger than argon, the recoil efficiency for arsenic should be
higher. If even argon can cause an N- region at the wafer
137
surface, there is no reason for the sheet resistance profile
being so flat for the case of arsenic implant unless the amount
of arsenic being activated is large enough to overcome the effect
of the activated Al.
Figure 6.3 (a) shows the effect of annealing temperature for
a constant As+ implant dose of 1E15 cm-2. A more detailed curve
for the 8000C annealed sample is extracted and shown in Figure
6.3 (b). Conductivity profiles for the 700 and 8000C annealed
samples are shown in Figure 6.4. Notice, that the calculated
conductivity profile for the 7000C annealed sample is valid up to
a depth of about 1000 A only. Conductivity calculated for the
remaining portion is negative. It is due to the limitation of
applicability of linear four point probe on measuring decreasing
sheet resistance along the depth as discussed previously for Ar+
implanted samples. By comparing the 700°C and 8000C annealed
samples, there exist three regions for these As+ implanted
samples. In region I, the rapid decrease in conductivity exhibits
the existance of very high concentration of arsenic (n-type
dopant) at the surface. This is an N+ effect rather than
activated Al formed p+ junction because the 8000C annealed
sample indicated that the surface conductivity when dominated by
Al alone is not so high (remember that the percentage activation
of arsenic is lowest at about 8000C due to clustering effect
(6.2]). Due to arsenic clustering, the n-type doping effect is
suppressed at about 8000C. This gives chance to observe effect
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due to Al with the sample having annealed at that temperature.
We cannot find observable effect of Al for the 700°C
annealed sample in region II but the 800°C annealed sample shows
this region clearly with high conductivity peak obviously
contributed by the recoiled Al. The majority of Al is in this
region. Since the ARP for arsenic is only a few hundred angstroms
for direct implantation, the condition of implanting arsenic with
peak concentration located at the semiconductor surface will
probably resulted in an Al- doped region beyond 300-400 A from the
surface. Depending on the annealing temperature, region II can
become a p-type region such as that for the 8000C annealed
sample. However, arsenic doping effect at the surface region for
the 800°C sample is not large enough due to clustering.
Otherwise, a new structure of N (arsenic doped), P (Al doped) ,N
(substrate) can be formed. As the Al concentration is getting
smaller along the depth, there must exist a region showing the
gradual change from Al-doped region II to the n-type substrate
semiconductor. This is region III. From the graphs, the depth of
the whole three regions is very shallow. Therefore it can hardly
be discovered just from the diode I-V measurements as presented
in chapter 4.
An estimation of the average conductivity for the p-region
using the conductivity profile of the 800°C annealed sample as
shown in Figure 6.4 measuring from the semiconductor surface to
the junction depth at about 2200 A is about 32 ohm-lcm-l. With
the oricrinal surface sheet resistance of 1310 ohms the
junction depth so estimated is 2400 A which is consistant with
hhe aranhic result. Bv usinc the average hole
or only about 1% of the recoiled
Al atoms are observable. This is another indication of balancing
offece due to existance of arsenic
implanted samples
The sheet resistance profiles for BF2+ implanted samples are« •9
shown in Figure 6.5 for various BF2 dosages with a fixed
annealing temperature and Figure 6.7 for various annealing
temperatures with a fixed implant dose. The corresoondina
calculated conductivity profiles are shown in Figure 6.6 and 6.J
respectively. It is obvious that the effect of boron has enhancec
the formation of pn junction in addition to the recoiled Al. Th
lowest BF2+ dosage required to form a pn junction in such a case
as annealed at 600°C is as low as 1E14 cm2. Note that we havi
already proven the amount of activated Al at this temperatur
will be very small. Hence, the effect is mostly contributed b
boron. On the other hand, as shown in Figure 6.5, when the bf2
dose was increased, the distinction between the steeply decayin
high carrier concentration region and the exponential tail becam
more obvious. This shape of impurity concentration distribution
is a common characteristics for the recoiled atoms [6.3].
Therefore, when the primary ion implant dose is increased, the
surface carrier concentration will be increased rapidly due to
recoiled AI rather than the effect of boron
The conductivity profiles corresponding to the curves in
Figure 6.5 are calculated and shown in Figure 6.6. The sample
— 2+
implanted with 1E13 cm of BF2 is just at the margin of
formation of pn junction. The high resistivity N~ layer on
substrate made the conventional four point probe incapable to
aive correct resistivitv readinas.
Conductivity profiles for other samples shown 'in Figure6.6
can be considered as a composite of two regions. The highly
conductive surface region being mostly contributed by the
implanted boron because very few A1 atoms will be activated with
600°C annealing. This region extended up to a range of only
150-200 A since the peak boron concentration was adjusted to
locate at the semiconductor surface and part of the BF2+ energy
was carried by florine atoms. Boron precipitation which occurs at
about 600°C was observed in this region that it caused the
conductivity profiles to be alike for all these samples. The
»
second region was another peak contributed by the recoiled Al.
Since most of the recoiled Al would not be activated after 600°C
anneal, only through the high BF2+ dose samples can this peak be
clearlv observable.
Influence of annealing temperature on the sheet resistance
and conductivity profiles are shown in Figure 6.7 and 6.8. Witt
+— 2
a medium BF2 dosage of 1E15 cm, all samples had formed pr
junctions. The one annealed at 400°C showed a strange sheet
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resistance profile was probably due to unrecovered surface
damage. Again, from Figure 6.8, effect of boron precipitation can
be seen to occur at temperature between 600 and 7000C as the
conductivity at the surface droped rapidly. For most samples, it
was found that at about 200 A and beyond, the conductivity
became constant. An estimation of the average hole concentration
at deeper layers and junction depths from these conductivities
has been made and results are shown in Table 6.1.
6.4 Summary
1. Conductivity profile of the recoil-implanted substrate is
influenced by both the recoiled atoms and the primary ions in
case it is a dopant. Al/N-Si recoil implant using arsenic
ions can cause NPN structure while shallow pn junction can be
found when using BF2+ as primary ion.
2. If the annealing temperature is high enough to activate the
p-type recoils in the n-substrate (say, 8000C for Al),
shallow pn junction can be formed.
3. Conventional linear four point probe is not applicable for
samples with high resistivity layer on top of low resistivity
substrate. The measured V and I will be a complex function
relating to the real case average resistivity
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Figure captions:
Figure 6.1 Sheet resistance values measured at each step of
silicon removal on samples implanted with Ar+
and annealed at 600°C for 20 minutes
Figure 6.2 Sheet resistance profiles for Al recoil
implantation with various As+ dosages and
annealed at 6000 C for 20 minutes
Figure 6.3 (a) Sheet resistance profiles measured for Al recoil
implant using lE15 cm-2 As+ and annealed at
various temperature for duration of 20 minutes
Figure 6.3 (b) A detailed extraction of the 800°C curve from
Figure 6.3 (a)
Figure 6.4 Calculated conductivity profiles from data in
Figure 6.3
Figure 6.5 Sheet resistance profiles for Al recoil
implantation with various BF2+ dosages and
annealed at 600°C for 20 minutes
Figure 6.6 Calculated conductivity profiles for data in
Figure 6.5
Figure 6.7 Sheet resistance profiles measured for Al recoil
implant using 1E15 cm-2 BF2+ and annealed at
various temperature for a duration of 20 minutes










Note: Curves for Ar dose below 1E15 an are not shown because
the sheet resistance profiles were found to be a constant value


























































































































































































































Estimation of junction depth and average hole concentration
+





















1 9vin' 1. Avirv 3.9x10' 1 .IxlO1
153
CONCLUSION AND DISCUSSION:-
1. Recoil implantation of Al into Si using Ar+ as primary ion
has been proved to be practical. Although we have not been
able to form a very well defined pn junction using this
method, it was due to the annealing temperature used in this
study was only up to 6000C which was not high enough to put
all the recoiled Al atoms into electrically active positions.
Should the annealing be done under higher temperature (i.e.
800°C or above), pn junction could be formed due to Al
doping..
2. When using n-type primary ions such as As+ or P+ in the
Al/N-Si recoil experiment, it was found that an orginally
Schottky contact can be changed into an ohmic contact provided
that the implant dosage was higher than 5E14 cm-2.
3. When using p-type primary ions such as B+ or BF2+ in the
Al/N-Si recoil experiment, a Schottky diode can be changed
into a pn junction diode. A pn junction can be formed even if
the primary ion dosage was as low as 1E14 cm-2 and annealing
temperature as low as 600°C. From the electrical conductivity
prof il'e results, it was found that the surface region has the
highest conductivity and that the junction formed was about
1000 to 2000 A only.
4. Shannon's method of Schottky barrier modification phenomenon
is just a special case in the whole spectrum of transition
from Schottky to pn junction or ohmic contact.
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S. Silicon recrystallization which occurs at about 550°C wa
clearly observable for all samples implanted under different
conditions. This showed that there was certain amount of
crystal damage after implant. However, the damage would not
be serious as the diode I-V characteristics were not affected
seriously except the reverse leakage current.
6. Al atoms recoiled inside silicon can be activated wher
annealing temperature is higher than 600°C and much better
activation can be.achieved when 800°C or above is used. It is
still a pretty low temperature for integrated circuits
fabrication. Even shallower junctions are hopefully produced
if rapid thermal annealing is applied instead of conventional
furnace annealing method.
7. Recoil implantation is in fact a hopeful substitution for
conventional furnace doping for shallow junction device
fabrication. It is even better than direct ion implantation
in a way that it is easier and safer to handle in comparision
with using toxic gases or other materials difficult to
ionize.
Implantation through metal has another application in
modifying the contact properties after metallization. An idea
of producing a pn junction as well as to form a thin layer of
metal silicide by ion mixing in only one step will be a good
idea for further development of this technique.
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Appendix A
Temperature dependency of a pn junction diode and a
Schottky diode
(1)For a pn junction
(A-1)
as given Dy Lne bcnocxiy equation. since eotn ttie rirst
and the second term have similar temperature dependency,
let us consider the first term only (as in the case of a
P+ N diode [1-11*). That is.
(A-2)
Suppose for some constani (A-3a)
and we have [I-2]
(A-3b)
Therefore, from (A-2) and (A-3), for a pn junction
(A-4)
(2)For a Schottky diode;
with reference to equation (2Jf) in chapter 2,
In general form,
where K is a constant,
The conclusion is:
(i) If m 2 and it is a pn junction
(ii) If m- 2 and it is a Schottky diode
Note:
CI-13 See reference C2.93, chapter 2, p.88






Relation of sheet resistance and the surface ciunter-doping
condition
Let the substrate carrier concentration before counter-
doping be no and po for electrons and holes respectively. The
sheet resistance, Rs, due to the substrate is given by
( B-1)
where(', is the substrate conductivity
d the sample thickness
other symbols have their usual meaning.
For the resultant counter-doped sample,
( B-2)
where is the average conductivity.
Assume the counter-doping is effectivity down to a depth
,then
B-3)
the second term cannot be omitted unless pn junction is formed.




then equation (B-3) can be rewritten as
( B-5)
where ATx J is effectively the average increase in conductivity
inside the xi layer.
Comparing equation (B-2) and (B-5)
B-6)
B_7
1111.7 -JIIUw5 uidL cue measurea cnanges in sheet resistance can
be directly proportional to the change in conductivity inside the
influenced xi layer only.




combining (B-8) and( B-9)
( B-10)
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Therefore,consider just inside the x., layer
( B-11)
where An and pp are the average change in electrons and holes.
Substitute (B-10) into (B-11)
( B-12)
It is clear that eXJ, will first go to negative and then
rises as Ap increases. As Rs increases, A( 1) will be negative.
RS
Rs will go to a maximum and then fall down as pp increases. It is
trivial of course, if a pn junction is formed.. Rs will fall
further as the carrier concentration in the p layer increases.
The point corresponding to the minimum of pG can be calculated
from
Erom equation (B-12). That is
( B-13
The point corresponding to 06'_= 0 is n nr n i whit-h mm,,,
that
( B-14)
Note that the substrate surface can be changed to p-type in
between the points of G-xi to be minimum and (5= 0. This can
be seen in equations (B-13) and (B-14) that pp will be larger
than no some where in between these conditions. A sketch of A 6'
versus Ap is shown in Figure B-1 in the following page.
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Conductivity profiling from repeated Si removal by
anodization and stripping
When sample surface from x=0 to depth h is etched away,
the average conductivity measured at this new surface x=h
(c-1)
where xj is the sample thickness or p-n junction depth
also, the resistivity is related by
(c-2
Sheet resistance measured at depth x=h, Rs(h)
(C-3)
From equation (C-3), it is easy to derive that:
(C-4)
A plot of 1/Rs versus depth x can easily be-converted to
a conductivity profile along the depth using (C-L)..
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Appendix D
Derivation of sheet resistance profile using expontentially
decreasing function for the distribution of the recoils










Where nB electron concentration of the bulk
ns----- electron concentration at sample surface
xj----- the junction depth defined at the point
where the electron concentration contributed







The average conductivity measured at x= h when the above
surface is etched away is given by:
14
(D-2,
Sheet resistance measured at x=h, R(h
(D-3)




Case 1: When no pn junction is formed
Integrate (D -4) using (D-5) and that the substrate




Consider(,.) when nsnB in case n+ on n substrate:
(D -7) becomes:
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Value of Rs(h) increases with depth h. However, the bulk
conductivity is the main role of domination.
Consider (ii) when nsnH in the case of n on n substrate,
( D'-7) becomes:
Again, value of R5(h) increases with h but variation is
small due to the bulk conductivity term is very large
and is constant,
Case 2: Vvnen pu junction is formed
Using equation (D.-7) with a restriction d= x i, we have:
(D-8)
For very heavily counter doped surface of an n-type
substrate, nsn B, RS(h) increases with depth h rapidly.


